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ABSTRACT 

Experimental  d a t a  on t r a n s p o r t  p r o p e r t i e s  and s c a t t e r i n g  i n  

molecular  gases  are u s u a l l y  i n t e r p r e t e d  assuming a s p h e r i c a l l y  symmetric 

i n t e r a c t i o n  p o t e n t i a l  and s i n g l e  channel ( e l a s t i c )  s c a t t e r i n g .  This  

procedure i s  analyzed and shown t o  b e  j u s t i f i a b l e  as a f i r s t  approxi -  

mat ion provided i t  i s  recognized tha t  the g e n e r a l i z a t i o n  of t r a n s p o r t  

t heo ry  t o  molecular  gases  involves  the replacement  of  e l a s t i c  c r o s s  

s e c t i o n s  by t o t a l  c r o s s  s e c t i o n s  and t h a t  t h e  beam s c a t t e r i n g  d a t a  

r e f e r  t o  t o t a l  c r o s s  s e c t i o n s  and not e l a s t i c  c r o s s  s e c t i o n s .  The 

d i s t i n c t i o n  between t o t a l  and e l a s t i c  c r o s s  s e c t i o n s  i s  e s p e c i a l l y  

s i g n i f i c a n t  f o r  ion-molecule i n t e r a c t i o n s  a t  thermal  v e l o c i t i e s ,  s i n c e  

i t  impl i e s  a form f o r  t he  long range i n t e r a c t i o n  d i f f e r e n t  from t h a t  

which has  been adopted.  Some consequencesof t h i s  d i f f e r e n c e  i n  long 

range behaviour are d e s c r i b e d .  

E x p l i c i t  c a l c u l a t i o n s  are  presented f o r  t h e  s c a t t e r i n g  of  atomic 

hydrogen by molecular  deuter ium. 
f l P r f f O (  
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FIGURE CAPTIONS 

Figure  1. Angular d i s t r i b u t i o n  fo r  c o l l i s i o n s  between an 

H atom and D 

0.0625 e V ;  

molecule with i n c i d e n t  energy 2 

curve  A: e las t ic  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  

s e c t i o n  p l o t t e d  a g a i n s t  s c a t t e r i n g  a n g l e ;  

curve B: i n e l a s t i c  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  

s e c t i o n  p l o t t e d  a g a i n s t  s c a t t e r i n g  angle  

( t h e  s c a l e  of i n e l a s t i c  c r o s s  s e c t i o n  i s  

1 - scale o f  e l a s t i c  c r o s s  s e c t i o n ) .  20 

F igure  2. E l a s t i c  angular  d i s t r i b u t i o n s  f o r  c o l l i s i o n s  between 

a n  H atom and D molecule. 2 

curve A: i n c i d e n t  energy = 0.00625 e V ;  

curve  B: i n c i d e n t  energy = 0.03125 e V ;  

curve  C:  i n c i d e n t  energy = 0.0625 e V .  

F i g u r e  3 .  Angular d i s t r i b u t i o n s  for  c o l l i s i o n s  between a n  H 

atom and D molecule with i n c i d e n t  energy 0.0625 e V .  2 

z V i s c o s i t y  d i s t r i b u t i o n  = 271 I (e) s i n  e (1 - cos e)  

curve  A: e l a s t i c  c o n t r i b u t i o n ;  

curve a '  : i n e l a s t i c  c o n t r i b u t i o n ;  

t 
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FIGURE CAPTIONS (continued) 

Diffusion distribution = 27t I (0) sin 0 (1 - cos 0 )  

curve B: elastic contribution; 

curve b' : inelastic contribution. 
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1. I n t r o d u c t i o n  

According t o  t h e  Chapman-Enskog theo ry ,  t h e  t r a n s p o r t  p r o p e r t i e s  

of d i l u t e  s p h e r i c a l l y  symmetric gases depend upon t h e  c o e f f i c i e n t s  of  

d i f f u s i o n ,  v i s c o s i t y ,  thermal  conduc t iv i ty  and thermal d i f f u s i v i t y .  

These t r a n s p o r t  c o e f f i c i e n t s  may be expressed  i n  terms of c o l l i s i o n  

c r o s s  s e c t i o n s  

S I ( e )  ( 1  - COS e )  s i n  8 d 8 
0 

where I (0) i s  the d i f f e r e n t i a l  c ross  s e c t i o n  f o r  t h e  e l a s t i c  s c a t t e r i n g  

of one gas atom by ano the r  through an a n g l e  8 measured i n  t h e  c e n t r e  of 

m a s s  system. The t o t a l  e l a s t i c  c ross  s e c t i o n  i s  

Q = 2n 6" I (e) s i n  8 d 8 .  

Measurements of t h e  s c a t t e r i n g  o f  beams of p a r t i c l e s  r e f e r  t o  t h e  d i f -  

f e r e n t i a l  c r o s s  s e c t i o n  I (8) o r  t o  the  t o t a l  c r o s s  s e c t i o n  f o r  s c a t t e r i n g  

through ang le s  g r e a t e r  than  some minimum ang le  8 : 
0 

J[ 

Q (0)  = 2 n d  I (e) s i n  8 d 8 .  

0 

The d i f f e r e n t i a l  c r o s s  s e c t i o n  I (e) can be eva lua ted  from a know- 

I l edge  of  t h e  i n t e r a c t i o n  p o t e n t i a l  V ( r )  as a func t ion  of t h e  s e p a r a t i o n  

r of  t h e  c o l l i d i n g  p a r t i c l e s .  I t  i s  customary i n  t h e  a n a l y s i s  of e x p e r i -  

I '  
menta l  d a t a  on t r a n s p o r t  c o e f f i c i e n t s  and beam s c a t t e r i n g  t o  adopt  an 
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a n a l y t i c  r e p r e s e n t a t i o n  of  V ( r )  containing a number of  d i s p o s a b l e  

parameters  and t o  choose t h e  parameters so  t h a t  the exper imenta l  d a t a  

a r e  reproduced.  Having determined V ( r )  i t  may be used t o  p r e d i c t  

o t h e r  t r a n s p o r t  c o e f f i c i e n t s  over wider temperature  ranges  and t h e  

procedure has  proved very  u s e f u l  i n  ex tending  exper imenta l  measurements 

I t  has  a l s o  been followed i n  the a n a l y s i s  of  molecular  g a s e s  f o r  

which t h e  i n t e r a c t i o n  p o t e n t i a l  i s  not s p h e r i c a l l y  symmetric and t h e  

s c a t t e r i n g  i s  n o t  s i n g l e  channel ( e l a s t i c )  s c a t t e r i n g .  A d e t a i l e d  

s t u d y  i s  necessary  i n  order  t o  a s ses s  t h e  s i g n i f i c a n c e  o f  such a n a l y s e s  

and o f  t h e  e f f e c t i v e  i n t e r a c t i o n  p o t e n t i a l s  t h a t  are d e r i v e d .  

2 



2. Theory of Scattering 

The scattering channels appropriate to a collision between two 

molecules can be labelled by the rotational angular momentum quantum 

numbers j, and j characterizing the internal motions of the molecules, 

and the orbital angular momentum quantum number R ,  characterizing the 

relative motion of the colliding pair. 

is a function of the position vector 5 joining the two molecules, and 

it can usefully be written in the form 

L 2' 

The interaction potential V (5 )  

where v (r) is obtained from V (r) by averaging over all orientations 

assuming that they are equally probable. The potential v (5) couples 

together different scattering channels (Al, 12, a) and (I;, L ~ ,  * '  a ' )  - such 

that 

0 w 

C 

and gives rise to the possibility of inelastic rotational transitions. 

The coupled equations which result from a partial wave expansion 

in angular wave functions corresponding to the total angular momentum 

quantum numbers J have been written down by Arthurs and Dalgarno'') for 

atom-molecule collisions and by Giournousis and Curtiss(2) for molecule- 

molecule collisions. We need not reproduce them here. 

3 



2 . 1  Weak Coupling 

Ar thurs  and Dalgarno ' l )  have shown t h a t  i f  t h e  coupl ing  between 

channels  i s  weak, t he  e l a s t i c  c r o s s  s e c t i o n s  Q and Q d i f f e r  from those  

corresponding t o  s c a t t e r i n g  by the  c e n t r a l  f i e l d  v ( r )  i n  second o r d e r  

i n  the  coupl ing  s t r e n g t h s ,  t h e  f i r s t  o rde r  changes van i sh ing  e s s e n t i a l l y  

because vc (5) van i shes  when averaged over  a l l  o r i e n t a t i o n s .  

i n e l a s t i c  c r o s s  s e c t i o n s  a r e  c l e a r l y  of  second o rde r  i n  v 

t h e  assumptions of s p h e r i c a l  symmetry and of  s i n g l e  channel  e l a s t i c  

s c a t t e r i n g  lead  t o  second o r d e r  e r r o r s  on ly  and t h e  de r ived  i n t e r a c t i o n  

p o t e n t i a l  can be i d e n t i f i e d  as v ( r ) ,  t h e  average of the  a c t u a l  poten-  

t i a l  V ( r )  over  a l l  o r i e n t a t i o n s .  

S 

0 

The 

( 5 ) .  Thus, 
C 

0 

N 

However, t h e  coupl ing  i s  weak only f o r  l i g h t  molecules  a t  l o w  

temperatures  and a more t y p i c a l  s i t u a t i o n  involves  a cons ide rab le  range 

of impact parameters  f o r  which the  coupl ing i s  s t r o n g .  

2 . 2  S t rong  Coupling 

The case of s t r o n g  coupl ing  has been d i scussed  by Berns t e in ,  

Dalgarno, Massey and P e r c i v a l .  ( 3 )  They show t h a t  i n  the  s t r o n g  coupl ing  

r eg ion  the  t o t a l  s c a t t e r i n g  c r o s s  s e c t i o n  i s  i n s e n s i t i v e  t o  t h e  d e t a i l s  

of t h e  in t e rmolecu la r  p o t e n t i a l  and it  has  the  same form as the  e l a s t i c  

s c a t t e r i n g  c r o s s  s e c t i o n  corresponding t o  a s t r o n g  s p h e r i c a l l y  symmetric 

p o t e n t i a l .  I t  fo l lows  t h a t  t h e  a n a l y s i s  of exper imenta l  d a t a  on t h e  

b a s i s  of  a s p h e r i c a l l y  symmetric p o t e n t i a l  should not  l ead  t o  g ross  

4 



e r r o r  provided i t  i s  recognized that t h e  c r o s s  s e c t i o n s  o c c u r r i n g  i n  

t h e  d e f i n i t i o n s  of t h e  t r a n s p o r t  c o e f f i c i e n t s  and i n  t h e  measurements 

of  beam s c a t t e r i n g  are t o t a l  c r o s s  s e c t i o n s , n o t  e l a s t i c  c r o s s  s e c t i o n s .  

Some e r r o r  may occur because the angular  d i s t r i b u t i o n s  of  e l a s t i c  

and i n e l a s t i c  s c a t t e r i n g  are d i f f e r e n t .  Whereas the i n e l a s t i c  angular  

d i s t r i b u t i o n  w i l l  n o t  be very  d i f f e r e n t  from i s o t r o p i c ,  t h e  e l a s t i c  

angular  d i s t r i b u t i o n  h a s  a s h a r p  forward peak a s s o c i a t e d  w i t h  t h e  

shadow s c a t t e r i n g  (compare F igures  1, 2 and 3 ) .  Most beam s c a t t e r i n g  

measurements r e f e r  t o  a n g l e s  o u t s i d e  t h e  shadow r e g i o n  so t h a t  t h e  

convent iona l  a n a l y s i s  should be only s l i g h t l y  less a c c u r a t e  than f o r  

atomic gases  when used f o r  t h e  p r e d i c t i o n  of  t h e  c o e f f i c i e n t s  of  d i f f u -  

s i o n  and v i s c o s i t y  a t  h i g h  temperatures ,  which a l s o  do n o t  involve  any 

impor tan t  c o n t r i b u t i o n  from t h e  shadow r e g i o n .  Much g r e a t e r  e r r o r  may 

r e s u l t  i f  t h e  same p o t e n t i a l  i s  used t o  p r e d i c t  t r a n s p o r t  c o e f f i c i e n t s  

a t  lower temperatures  a t  which t h e  shadow r e g i o n  does c o n t r i b u t e  s i g -  

n i f i c a n t l y  t o  t h e  c o l l i s i o n  c r o s s  s e c t i o n s .  I t  should be s t r e s s e d  t h a t  

t h e  e r r o r  does n o t  a r i s e  from a mere l a c k  of  f l e x i b i l i t y  of  t h e  form o f  

V ( r )  as f o r  t h e  atomic g a s ,  but from t h e  e s s e n t i a l  f a i l u r e  of  t h e  

concept  of  an i n t e r m o l e c u l a r  (veloci ty- independent)  p o t e n t i a l .  

Small  e r r o r s  may occur a t  lower temperatures  i n  i n f e r r i n g  one 

t r a n s p o r t  c o e f f i c i e n t  from measurements of  a n o t h e r ,  s i n c e  t h e  a s s o c i a t e d  

c o l l i s i o n  c r o s s  s e c t i o n s  weight  d i f f e r e n t l y  the shadow and i s o t r o p i c  

s c a t t e r i n g  r e g i o n s .  I n  p a r t i c u l a r ,  t h e  use  of  v i s c o s i t y  d a t a  tends  t o  

* .  
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overestimate diffusion coefficients. This is opposite in sense to the 

observed discrepancies of Amdur, Ross and Mason, ( 4 )  Walker and Westen- 

berg, (5) Westenberg and Frazier , (6) and Amdur and Sh~ler'~) , the origin 

of which may be rather in the inappropriateness of the adopted analytic 

representations of V (r). 

Thus, at large separations, the leading term of V (5) for a pair 
-3  -4 of neutral diatomic molecules decreases as r , r 

upon whether both one or neither of the molecules has a permanent dipole 

moment. On averaging equally over all orientations, these terms vanish 

and the leading term is the spherically symmetric r term that is 

usually adopted. If the scattering were mainly elastic in the important 

range of scattering angles, the choice could perhaps be justified (except 

at very low temperatures).* 

up to half the total scattering may be inelastic and for the inelastic 

scattering there occurs no cancellation of the contributions from v 

or r-5 depending 

-6 

( 3 )  However, according to Bernstein et al. 

( E ) .  C 

There is a case of special interest which should be accessible to 

experimental verification. In the long range interaction of a positive 

or negative ion with a diatomic molecule, v 

v (5) as r or r If the effective interaction has the form of 

v (r), then just as for an atomic gas, the mobility of an ion in a 

molecular gas tends to become independent of the gas temperature as the 

(r) decreases as r-4 and 
0 

-2 -3  
C 

0 

+;An interesting analysis of the effect of the orientation-dependent terms 
on the viscosity and second virial coefficient of hydrogen at very low 
temperatures has been presented by Niblett and Takayanagi. (10) 
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temperature decreases while if the effective interaction has the form 

of vc (z), the mobility will tend to zero as the temperature decreases. 

This marked difference between atomic and molecular gases was 

predicted by Arthurs and Dalgarno(8) from a consideration of elastic 

scattering only. 

small until very low temperatures are reached. From the recognition 

that inelastic scattering is significant, it follows that the decrease 

of the mobility towards zero should set in at much higher temperatures 

The effect of vc (r) on the elastic scattering is 
N 

than those implied by the formula given by Arthurs and Dalgarno. (8) 

The predicted behaviour has been observed by Chanin, Phelps and 

(') for an ion, probably 02,in 0 Biondi, 

case is complicated by the possibility of charge transfer and measure- 

ments of the mobilities of various ions in unlike gases would provide 

a more certain test of the theoretical arguments. 

The interpretation of this 2 '  

10 



3 .  S c a t t e r i n g  i n  H and D 2  2 

The s c a t t e r i n g  of n e u t r a l  p a r t i c l e s  i n  molecular hydrogen and i n  

molecular deuterium a t  thermal v e l o c i t i e s  can be desc r ibed  by a weak- 

coupl ing  approximation Ca lcu la t ions  of  the i n e l a s t i c  angu la r  d i s t r i b u t i o n  

cor responding  t o  t h e  j = 0 t o  j = 2 r o t a t i o n a l  t r a n s i t i o n s  have been c a r r i e d  

o u t  by Dalgarno, Henry and Rober t s  u s ing  t h e  formal scheme of Ar thu r s  

and Dalgarno. Thei r  r e s u l t s  f o r  t h e  process  

H + D2 ( j = O )  + H + D 2  ( j = 2 )  

a t  an  i m p a c t  energy of  0.0625 e V  a r e  reproduced i n  F igu re  1. 

W e  have computed t h e  e las t ic  angular d i s t r i b u t i o n  cor responding  

t o  s c a t t e r i n g  by D i n  t h e  j = 0 s t a t e  and t h e  r e s u l t s  are shown i n  

F i g u r e s  1 and 2 .  The e l a s t i c  angular d i s t r i b u t i o n  i s  c h a r a c t e r i z e d  by 

a s h a r p  forward peak which decreases  i n  angu la r  e x t e n t  as the  impact 

v e l o c i t y  i n c r e a s e s .  The c o n t r i b u t i o n s  of  e l a s t i c  and i n e l a s t i c  s c a t t e r -  

i n g  a t  0.0625 e V  t o  t h e  c r o s s  s e c t i o n s  Q and Q e f f e c t i v e  i n  de te rmining ,  

r e s p e c t i v e l y ,  t he  c o e f f i c i e n t s  of  d i f f u s i o n  and v i s c o s i t y  are  shown i n  

F igu re  3 .  The c o n t r i b u t i o n  of t h e  shadow s c a t t e r i n g  i s  suppressed  and 

the c o n t r i b u t i o n  of t h e  i n e l a s t i c  s c a t t e r i n g  i s  enhan$ed i n  comparison. 

Thus, whereas t h e  t o t a l  i n e l a s t i c  c ros s  s e c t i o n  i s  2.546 of  the t o t a l  

s c a t t e r i n g  c r o s s  s e c t i o n ,  t h e  c o n t r i b u t i o n  of i n e l a s t i c  s c a t t e r i n g  t o  

Q, i s  7.5% of Q, and t o  Q i s  5.4% of Q2. 

2 

1 2 

2 
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An experiment i n  which a proper ty  of molecular  hydrogen w a s  

c a r e f u l l y  compared as a func t ion  of tempera ture  wi th  the  same p rope r ty  

o f  molecular  deuter ium would be  of great i n t e r e s t .  Because of t h e  

c l o s e r  r o t a t i o n a l  spac ing  i n  D the e f f e c t  of  i n e l a s t i c  s c a t t e r i n g  2' 

2 '  should become mani fes t  a t  a lower temperature f o r  D than  f o r  H 2 

12 
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